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10 FIELD OF THE D^VENTION 

[01] This invention relates to the field of hydrogen production. In particular, this 
invention is drawn to a system and method of producing high pressure hydrogen on 
demand, using a catalytic reformer under high pressure conditions. 

BACKGROUND OF THE INVENTION 

1 5 [02] There are numerous proposals to transition from the current fossil fuel*based 
transportation systems to what is known as the "hydrogen economy." A hydrogen 
economy would use vehicles powered by fuel cells, or hydrogen burning internal 
combustion engines, in place of gasoline or diesel powered vehicles. However, there 
are several problems which must be overcome to make a hydrogen economy 

20 economically and technically feasible. One problem is a lack of an economically 
viable means of supplying fuel cell-quality hydrogen. Typical fiiel cells require 
relatively pure form of hydrogen, which makes the hydrogen production more 
difficult and costly. Another problem relates to hydrogen storage and transportation. 
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To make a hydrogen-powered vehicle practical, hydrogen is stored in one or more 
tanks under high pressure. Because of its small molecular size, hydrogen is much 
more difficult and expensive to compress than natural gas, for example. Typical prior 
art hydrogen production techniques require the costly step of pressurizing the 
5 hydrogen after it is produced. 

[03] When supplying a hydrogen-powered vehicle with fuel, there are two basic 
options. A first supply option is on-board vehicle extraction of hydrogen jfrom 
hydrocarbon fuels. A second option is on-board vehicle storage of hydrogen produced 
and dispensed at a stationary faciUty. Within these two basic options, numerous 
specific variations are being studied and/or developed, including, but not limited to 1) 
on-board vehicle extraction of hydrogen from gasoline, diesel fuel, naphtha, and 
methanol; 2) fuel station site hydrogen production via steam methane (natural gas) 
reforming (SMR) or other hydrocarbon-based processes; 3) fuel station site hydrogen 
production via electrolysis of water; 4) centrally produced (via large-scale SMR, 
electrolysis, and other processes) hydrogen delivered to a fuel station by truck or 
pipeline; and 5) other supply scenarios involving hydrogen production via 
photochemical, gasification, nuclear, biomass-based, biological, and solar-powered, 
wmd-powered, and hydro-powered methods. 

[04] SMR is the most common and least expensive prior art method of hydrogen 
20 production, accounting for about 95% of the hydrogen produced in the United States. 
In SMR, methane is reacted with steam to produce a nwxture of hydrogen, carbon 
dioxide, carbon monoxide, and water, and the mixture is separated to yield high- 
purity hydrogen. Because of its status as a mature, reliable, economically viable 
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technology, major industrial companies are developing hydrogen vehicle refueling 
station concepts based on the use of on-site SMR. These concepts involve scaling the 
process down significantly from its most common commercial application of 
producing hydrogen at petroleum refineries for use in making cleaner-burning 
5 gasoline. Challenges associated with on-site hydrogen generation derive from the 
impredictable demands of vehicle fueling. Because SMR works best at a steady-state, 
24 hours per day, full capacity operation, integration with a hydrogen fuel station will 
require costly on-site hydrogen compression and storage (as a gas, a liquid, or in a 
chemical compound) to compensate for fluctuating hydrogen demand. None of the 
10 hydrogen storage technologies available today represent an ideal combination of 
economy, performance, durability, and safety. 

[05] There are various prior art methods of producing a useful gas, or for 
generating gases from the process of breaking down waste products. For example, as 
mentioned above, SMR is the most common prior art method of producing hydrogen. 

15 Typically, SMR is performed at temperatures in the range of VOO^'-IOOO® C, and at 
pressures in the range of 30-735 psi. Processes that require a high temperature are less 
desirable since more energy is expended during tiie process. Similarly, typical prior 
art processes that produce hydrogen have the disadvantage of requiring pressurization 
after the hydrogen is produced, since vehicle fuel-hydrogen must be compressed to 

20 enable sufficient fuel for a desirable range (e.g., 300 miles). 

[06] It can be seen that there is a need for techniques for producing hydrogen 
on-demand in an econondcal manner. There is also a need for techniques that produce 
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hydrogen at high pressures, reducing or eliioinating the need for the costly step of 
pressurizing hydrogen after it is produced. 

SUMMARY OF TUV. TTWITNTION 

[07] An apparatus and method is provided for producing high pressure hydrogen 
5 on-demand. The invention uses a mixture of hydrocarbon feedstock and high pressure 
water exposed to a catalyst under high pressure conditions to produce high-pressure 
hydrogen. In one embodiment, carbon dioxide that is produced can be separated and 
recovered for sequestration or other utilization options, hi another example, the 
apparatus can be integrated with a fuel cell to provide hydrogen to the fuel cell, while 
1 0 the fuel cell provides heat to help maintain desired conditions in the hydrogen 
production reactor. 

[08] Other features and advantages of the present invention will be apparent from 
the accompanying drawings and from the detailed description that follows below. 

BRIEF DESCRIPTTON OF THR DRAWINGS 

1 5 [09] The present invention is illustrated by way of example and not limitation in 
the figures of the accompanying drawings, in which like references indicate similar 
elements and in which: 

[10] FIG. 1 is a schematic diagram of a reactor system 1 0 which may be used wife 
the present invention. 
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[11] FIG. 2 is a schematic diagram of a reactor system showing COj separation and 
recovery. 

[12] FIG. 3 is a schematic diagram of a reactor system coupled integrated with a 
fuel cell. 

5 [13] FIG. 4 is a table presenting compositional data on four different product gas 
samples collected during a series of tests utilizing natural gas as the hydrogen carrier. 

[14] FIG. 5 is a table presenting compositional data on four different product gas 
samples collected during a series of tests utilizing methanol as flie hydrogen carrier. 

DETAILED DESCRIPTION 

10 [15] Generally, the present invention offers an apparatus and method of 

economically producing high-pressure hydrogen, thereby eliminating the need for 
expensive hydrogen compression. In addition, the present invention can be used for 
on-demand production of high-pressure hydrogen, which results in greatly diminished 
hydrogen storage volume requirements compared to prior art systems, such as SMR 

1 5 and other demand-xmresponsive processes. The present invention can produce high- 
pressure hydrogen from natural gas, metihianol, efhanol, and other fossil fuel-derived 
and renewable hydrocarbon resources, including oxygen- and nitrogen-containing 
hydrocarbons. The process can produce hydrogen at pressures ranging from 2000 to 
12,000 pounds per square inch (psi) using a hydrogen carrier, water, and a catalyst 

20 under high pressure, moderate temperature reaction conditions. Note that this pressure 
range is only one example, and that higher pressures could also be used. In one 
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example, when using either natural gas or methanol as the hydrogen carrier, the 
process described below yields gaseous products with hydrogen concentrations of up 
to 19 mole percent (mol%) and 66 mol%, respectively. Note that neither of tiiese 
concentrations are meant to be flie limit expected under optimal conditions. With 
5 methanol as a hydrogen source, non-hydrogen product gas constituents may include 
carbon dioxide, carbon monoxide, methane, ethane, and nitrogen. With methane as 
hydrogen source, non-hydrogen product gas constituents may include methane, 
nitrogen, oxygen, ethane, and no detectable carbon monoxide. 

[16] The production of hydrogen (H2) using the present invention is based on the 
10 reactions between hydrocarbons such as in the following examples: 

CH4 + 2H2O ^ 4H2 + CO2 

CH3OH + H2O -> 3 H2 + CO2 

C2H50H + 3 H2O -> 6 H2 +2 CO2 

In the practice described below, the hydrocarbon is fed into the system at high 
1 5 pressure and is heated prior to and while contacting a catalyst to produce hydrogen 
gas, all the while maintaining high pressure. The gas stream exits the reactor where 
excess water and CO2 are condensed and removed to yield a purer hydrogen product. 

[17] The present invention has many uses. One application of the invention is for 
on-demand production of high-pressure hydrogen for fuel cells, including proton 
20 exchange membrane (PEM) fuel cells used for powering transportation vehicles, as 
well as PEM and other fuel cells used for other mobile and stationary power 
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production purposes. Utilizing the invention for PEM fuel cell applications may 
require integration with a hydrogen purification technology, since PEM fiiel cells 
require low-contaminant-level hydrogen for trouble-free operation and maximum 
power density. Examples of a hydrogen purification technology that may be used are 
described in US patent number 5,912,424, issued on June 15, 1999, entitled 
"Electrical Swing Adsorption Gas Storage and Delivery System" and US patent 
number 5,972,077, issued on October 26, 1999, entitled "Gas Separation Device 
Based on Electrical Swing Adsorption", both of which are incorporated herein by 
reference. When integrated with a hydrogen purification technology, the invention 
holds significant advantages over other technologies being pursued for producing 
hydrogen for fuel cell vehicles. One advantage is the elimination of the need for 
expensive hydrogen compression. Another advantage is a significant reduction of the 
need for expensive storage of high-pressinre hydrogen. Following is a more detailed 
description of the invention. The present invention can also be used to fill hydrogen 
cylinders or tanks for various uses. 

[1 8] The present invention is similar to SMR in that both processes can involve the 
use of natural gas as a hydrogen carrier, water as a reactant, and a catalyst to promote 
methane reforming to hydrogen and carbon dioxide. However, there are several 
distinctions between the two processes. One distinction is the temperature and 
pressure ranges utilized in the reforming reaction. In the present invention, the reactor 
is maintained within temperature and pressure ranges of approximately 375^-640*' C 
and 2000-12,000 psi, respectively. In contrast, SMR utilizes reaction temperatures 
and pressures ranging from about 700°-1000° C and 30-735 psi, respectively. 
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Another distinction is that the present invention can be utilized with hydrogen carriers 
other than natural gas/methane, including — ^but not limited to — ^propane, butane, 
methanol, and ethanoL 

[19] FIG. 1 shows one example of an apparatus and method of the present 
5 invention. FIG. 1 is a schematic diagram of a reactor system 10 which may be used 
with the present invention. As outlined in FIG. 1, the reactor system 10 can be 
configured to extract hydrogen from a liquid or gaseous, water-soluble or water- 
insoluble hydrogen carrier. Note that other variations are also possible within the 
scope of the present invention. FIG. 1 shows a source of high-pressure water 12 

10 connected to a preheater 14 via a control valve. In one example, the high-pressure 
water is pressurized to a pressure of approximately 2,000 to 12,000 psi. At least one 
hydrogen carrier is also connected to the preheater 14. FIG. 1 shows two hydrogen 
carrier sources. A first hydrogen carrier source 16 is illustrated for water soluble 
hydrogen carriers. The hydrogen carrier source 16 supplies a mixture of high pressure 

15 water soluble hydrogen carrier and water to the preheater 14 via a control valve. In 
one example, this mixture is pressurized to a pressure of approximately 2000 to 
12,000 psi. Examples of water soluble hydrogen carriers include methanol and 
ethanol. A second hydrogen carrier source 18 is illustrated for hydrogen carriers that 
are water insoluble under temperature and pressure conditions below the critical point 

20 of water. The hydrogen carrier source 1 8 supplies a high pressure water insoluble 

hydrogen carrier to the preheater 14 via a control valve. In one example, this mixture 
is pressurized to a pressure of approximately 2,000 to 12,000 psi. Examples of water 
insoluble hydrogen carriers include natural gas, propane, and butane. Note that while 
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FIG. 1 illustrates two possible hydrogen carrier sources, the system shown in FIG. 1 
needs only one hydrogen carrier source. The hydrogen carrier sources shown in 
FIG. 1 can take any desired form. In one example, a hydrogen carrier source can be a 
storage tajok. In another example, the hydrogen carrier source can come from a 
5 pipeline or other fuel supply. 

[20] The preheater 14 is coimected to a catalytic reformer 20 via a control valve. 
After the preheater 14 heats a mixture of high-pressure hydrogen feedstock and water, 
the control valve is opened, allowing the mixture flow into the catalytic reformer 20, 
which also contains a catalyst. The catalj^c reformer 20 can comprise a tubular 

1 0 reactor capable of high pressure, moderate temperature operation in the presence of 
gas with a high content of molecular hydrogen. For example, the reformer used in the 
process development work described below comprised a thick-walled tubular reactor 
fabricated from 316 stainless steel, equipped with high pressure manually operated 
valves. The catalytic reformer 20 is coimected to a condenser 22 via a control valve. 

15 The reaction that takes place in tiie catalytic reformer 20 (described below) results in a 
number of product gases, depending on the hydrogen feedstock and catalyst used. 
These product gases flow into the condenser, which separates the product gases, 
including high-pressure hydrogen. The hydrogen content of the product gas stream is 
increased by utilizing CO and water to produce hydrogen via the water-gas shift 

20 reaction. 



[21] The system shown in FIG. 1 can be operated in various ways. Following are 
some examples. When utilizing natural gas or another water-insoluble hydrogen 
carrier (e.g., hydrogen carrier source 18 in FIG, 1), high-pressure water and the 
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natural gas or other water-msoluble hydrogen carrier are separately injected mto the 
preheater 14 at a desired water-to-hydrogen carrier molar ratio. Tests conducted to 
date have utilized water-to-hydrogen carrier molar ratios ranging from 0. 1 : 1 to 4: 1 . In 
general, for water-based reforming of any hydrogen carrier, utilization of a water-to- 
5 hydrogen carrier molar ratio of at least 1 : 1 ensures availability of sufficient oxygen to 
guard against undesired carbon build-up on catalyst used to promote the reforming 
reaction. However, minimal usage of high pressure water is desirable to minimize 
process energy input, and lower water-to-hydrogen carrier molar ratios may be 
achievable with improved reforming catalysts. Following mixing and heating in the 

10 preheater 14, the reactant mixture flows into the reformer 20, which, in one example, 
comprises a tubular reactor containing a commercially available reforming catalyst. 
The process is compatible with continuous-flow operation, and residence time in the 
reformer is a function of pressure and flow rate through the reformer. The residence 
time in the reformer using the present invention may be in the range of 0.5 to 360 

1 5 seconds, in one example. 

[22] Reformate products (e.g., CO, COj, CH4, H2O) exit the reformer 20 and 
flow into the condenser 22, in which water and a portion of the carbon dioxide 
product are condensed. Pressure in the condenser and pressure of the product gas 
stream exiting the condenser 22 can be maintained at or near pressure in the reformer 
20 (or lower, if desired) by adjustment of the control valve at the condenser exit. The 

product gases exiting the condenser 22 (e.g., CO, Hj, COj, CH4) can be used directly, 
depending on the concentrations of the product gases, and depending on the 
application. For some applications (including solid oxide fuel cells), it may be 
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desirable to feed the product gas mixture directly. Other appUcations may require 
treating the product gas stream with a hydrogen purification technology, such as 
mentioned above. Also, the COj gas can be recovered for sequestration or other 
utiUzation option. FIG. 2 is a schematic diagram of a reactor system 10 sunilar to that 
shown in FIG. 1, except that the COj gas is shown to be separated and recovered for 
sequestration or other utilization option. 

[23] When utilizing methanol or another water-soluble hydrogen carrier (e.g., 
hydrogen carrier source 16 m FIG. 1), a mixture of methanol (or other water-insoluble 
hydrogen carrier) and water is pressurized and injected into the preheater 14 at a 
desired water-to-hydrogen carrier molar ratio. From the preheater 14 on downstream 
through the reactor system, the process steps and conditions are the same to those 
utilized for natural gas (described above). 

[24] One use of the present invention is to provide fuel to a fuel cell. FIG. 3 is a 
schematic diagram of a reactor system similar to those described above, with the 
addition of a fuel cell. Like FIGS. 1 and 2, FIG. 3 shows a preheater 14, catalytic 
reformer 20, condenser 22, a source of high pressure water 12, and sources of 
hydrogen carriers 16 and 18. The hydrogen separated by the condenser 22 is provided 
to a fuel cell 24, which converts hydrogen to electricity. A storage tank 26 can be used 
to store hydrogen that is produced in excess of what is used by the fuel cell 24. If 
desked, the hydrogen from the condenser 22 can be further purified. In this example, 
heat generated by the fuel cell is used to help heat the catalytic reformer 20, which 
mcreases the efficiency of the system, since less external energy is needed to heat the 
reformer 20 to a desired temperature. 



wo 2004/103894 



PCT/US2004/011576 



12 

[25] FollowiBg are descriptions of two examples of hydrogen production using the 
present invention, including the product gas composition for each example. In a first 
example, hydrogen is produced firom natural gas using a system such as ttie system 
shown m FIG. 1. In this example, natural gas is injected into the preheater 14, along 
with high-pressure water. In one example, the natural gas and water are at a pressure 
in the range of 2000 to 12,000 psi. The preheater 14 heats the mixture, which flows 
into the catalytic reformer 20. In the reformer 20, the mixture is maintained at 375°- 
640° C and 2000 to 12,000 psi). In the reformer 20, the mixture reacts with a catalyst 
to produce product gases, which are at least partially separated by the condenser 22. 
The resulting gases include hydrogen, carbon dioxide, methane, ethane, and propane. 

[26] FIG. 4 is a table presenting compositional data on four different product gas 
samples collected during a series of tests utilizing natural gas/methane as the 
hydrogen carrier. Each of these tests employed an approximate 4:1 water-to-methane 
molar ratio and a reformer temperature and pressure of about 440°C and 3500 psi, 
respectively. The first column of data in FIG. 4 is for a sample of data collected firom 
a continuous-process test in which residence time in the reformer was about 2 
seconds. The three remaining data sets are for tests in which reformer residence time 
was increased by operating the reactor system in batch mode, witii the objective of 
investigating the effect of residence time on product gas composition. Estimated 
residence times for Batch 1-3 tests were about 3, 10, and 15 minutes, respectively. 
The batch test results indicate tiiat (under the conditions evaluated) residence time has 
no significant effect on product gas composition. Of primary interest in the natural gas 
results is the consistent absence of carbon monoxide in the product gas. With the gas 
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chromatogr^hy-based analytical procedure employed for product gas 
characterization, the detection limit for carbon monoxide is about 100 parts per 
million (ppm), wdiich means that if carbon monoxide is present in the product gas, it is 
present at a concentration of below 100 ppm. Carbon monoxide is one of two 
contaminants of major concern regarding hydrogen for PEM fuel cell applications 
(the other being sulfur species), vAdch means that its absence &om the product gas 
stream represents a significant process advantage over prior art technologies. 

[27] FIG. 5 presents compositional data on four different product gas samples 
collected during a series of tests utilizing methanol as a hydrogen carrier. Each of 
these tests employed an ^proximate 1:1 water-to-methanol molar ratio and a 
reformer temperature and pressure of about 380°C and 3,200 psi, respectively. The 
first two data columns are for samples collected fi-om continuous-process tests in 
which residence time in the reformer was about 2 seconds. The two remaining data 
sets are for tests in which reformer residence time was increased by operating the 
reactor system in batch mode, with the objective of investigating the effect of 
residence time on product gas composition. Estimated residence times for the Batch 1 
and 2 tests were about 3 to 5 minutes. The batch test results indicate that (under the 
conditions evaluated) residence time has a measurable effect on product gas 
composition, most significantly on level of hydrogen and carbon dioxide, 

[28] The present invention described above can take on many forms, and include 
various alternatives. For example, various types and combinations of hydrogen 
feedstocks can be used. Suitable feedstocks may include hydrocarbon, oxygen- 
containing hydrocarbons or nitrogen-containing hydrocarbons. Examples of 
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feedstocks that can be used with the present invention include, but are not limited to, 
methane, natural gas, methanol, ethanol, propane, butane, naphtha, ammonia, natural 
gas condensate liqmds or natural gasoline, and other liquid or gaseous materials. 
Other feedstock examples include military-specification turbine fuel, commercial 
turbine fuel, diesel fuel, or kerosene. 

[29] Examples of catalysts that may be used with the present invention include 
Nickel and/or Nickel oxide with or without Copper on carrier/support. In another 
example, the catalyst may be Nickel oxide with or without lanthanum oxide, with or 
without potassium oxide, on carrier/support. In another example, the catalyst may be 
platimmi, rhodium, cobalt, palladium and/or ruthenium alone or in combinations on 
carrier/support. One example of a suitable catalyst is a Nickel-Nickel Oxide catalyst 
manufactured by Siid-Chemie Inc., referred to as No. FCR-HC29. 

[30] In the preceding detailed description, the invention is described with reference 
to specific exemplary embodiments thereof. Various modifications and changes may 
be made thereto without departing firom the broader spirit and scope of the invention 
as set forth in the claims. The specification and drawings are, accordingly, to be 
regarded in an illustrative rather than a restrictive sense. 



